An elevated heliport, as it has been defined by FAA (Federal Aviation Administration), is a heliport located on a rooftop or other elevated structure where the TLOF (touchdown and lift-off area) is at least 30 inches (76 cm) above the surrounding surface [1] . One of greatest advantages of such heliports is that they require less free space, which eases its build nearby existing buildings -especially in densely built-up areas. However, design of such heliports is more complicated, than ground level ones, while one must include an aerodynamic impact of the building below the elevated heliport and surrounding buildings. The aerodynamic interference between the helicopter and the buildings may result with decline of flight safety, due to sudden decrease of thrust (when flying above the edge of building) or because of increased turbulence in windy weather, wake behind surrounding buildings causing sudden gusts etc. Moreover, oscillations of pressure caused by helicopter rotor influence on the building structure also must be taken into account due to increased wear of upper part of the building or devices mounted on its roof (for example, elevator drives). These oscillation may also cause vibrations of building's structure, which is especially important in case of medical heliports -which are a vast majority of elevated heliports (and heliports in general) -because of strict requirements for acceptable vibration level. The article is aimed on summarize aerodynamic issues, which should be taken into account during design of elevated heliport.
Introduction
One of greatest advantage of rotorcrafts, known from its very beginning, was its mobility -due to capability of vertical take-off and landing. In general, this feature gave new possibilities to the air transport, which to that time was tethered to the airports. An exception were STOL (Short Take-Off and Landing) fixed-wing aircrafts, which could land e.g. on a grassland or on a fieldhowever its small size was a significant limitation for use them as a transport mean. During Second World War, the helicopter quite rapidly emerged from being an experimental machine that was fundamentally precarious and often downright dangerous to even attempt to fly, to a more stable and airworthy mode of transport [2] . This fact triggered new concepts of use helicopters in modern society. The concept for a high-speed personal helicopter was an early expression of what would become in the years immediately after World War II an extremely popular vision of the future. To many observers, the helicopter seemed to promise wings for the city dwellers who might land atop their apartments or office buildings [3] . In general, helicopters were seen either as a personal transport mean, like a car, travelling between any convenient locations, or as a commuter joining relatively large heliports -similarly to buses, trains or other public transport means. Some other examples, considered in the UK at that time, are described widely in [2] .
One of most iconic heliports designed and built at that time, was located on the roof on the 60-storey Pan Am Building in midtown Manhattan (Fig. 1) [4] . The helipad had opened in 1965 and operated shuttle flights to nearby airports, but closed in 1968, as it was unprofitable [4] .
In May 1977, shortly after its reactivation, the heliport was involved in a tragedy. A failure of the landing gear of Sikorsky S-61L helicopter caused its collapse, due to which one of the rotor blades felt off. As it was described in the New York Times article, (…) whirling like a gigantic boomerang the blade struck four people on the rooftop land pad, killing three instantly, then plunged over the skyscraper's west parapet. … One piece of blade continued to fall, whirling onto Madison Avenue, and killing a woman walking on Madison and 43rd Street shortly after 5.30 pm [5] . Fig. 1 . The Pan Am Building with the heliport on its roof (left) and Sikorsky S-61L crashed on it pictured on Daily News cover [2, 6] The crash on Pan Am Building indicated clearly that a significant disadvantage of elevated heliports is its safety in case of helicopter failure. It is inherently related with low failure safety of helicopters in general, caused by high amount of kinetic energy of rotor. However, this fact drastically stopped development of heliports located in cities. Another limitation was -and still is -the noise. Helicopter operations are being inhibited or curtailed in North America, Europe and many other parts of the world by objections and concerns about noise [7] . This issue is still valid and needs to be much more examined, while the reaction to helicopters and heliports is dependent on several factors, some of which are completely unrelated to the absolute level of the helicopter noise. These non-acoustic phenomena described collectively as virtual noise are usually triggered by acoustic noise although there is some evidence of a visual trigger [7] .
Safety issue and noise annoyance disposed the bulk use of helicopters as a transport mean in dense populated areas (e.g. cities). However, helicopters became irreplaceable in emergency cases -first of all, in life saving. In this case, time needed to transport of a patient to a hospital must be minimized at all costs -but with respective safety. This fact may be observed e.g. in evidence of airports and heliports, by Polish Civil Aviation Authority (Urząd Lotnictwa Cywilnego). Until April 2018, the evidence covered 185 medical heliports (both on ground level and elevated), which makes up 70% of all heliports.
What must be mentioned, in 2010 started a significant growth of interests in heliports in Poland, mostly medical ones ( Fig. 2 ). It is related with the Ministry of Health decree from 15.03.2007 [8] and its novelization from 3.11.2011 [9] . According to that decree, Emergency Rooms in hospitals should have an access to a heliport, which would enable a transport of patient from a helicopter to the ER without use of dedicated, medical transport means.
Lack of free space in proximity of some hospitals caused that some heliports requested by the decrees of Health Ministry were designed as elevated ones. First of elevated heliports, included in the CAA evidence, was the heliport in the W. Biegański Regional Specialistic Hospital in Grudziadz, built in 2011 [10] . Since that moment, 36 elevated heliports (which give about 14% of all heliports) have been built and included in the CAA statistics. However, design and built of heliports in Poland still are relatively new branch of engineering. Thus, there is a lack of knowledge, due to which the general safety and utility of hospital buildings with elevated helipad are not sufficiently assured [12] . Shape of the terrain and obstacles surrounding the helicopter deflect the flow around it, sometimes in unpredictable for pilots' manner. That could cause a lot of trouble until specific phenomena is recognized and the pilots learn to avoid certain flight conditions over specific locations [13] . These sentences are valid not only in Poland -over 60% of helicopter accidents included in the Joint Helicopter Safety Analysis Team (JHSAT) database [14] occur during take-off and landing -i.e. generally in the presence of ground obstacles [15] .
Aerodynamic issues related to elevated heliports -previous activities
The aerodynamic interaction between a helicopter and obstacles (not only elevated heliports) is a quite important research subject and several numerical and experimental studies have been published in the scientific literature [15] . Recently this topic was thoroughly investigated e.g. within GARTEUR Action Group HC/AG-22 project which deals with the basic research about the forces acting on obstacles when immersed in rotor wakes [16] . In this project four research centres: CIRA (I); DLR (D); NLR (NL); ONERA (F); and three universities: NTUA (GR); Politecnico di Milano (I); University of Glasgow (UK) were involved. Safety of helicopter operations on heliports was also investigated in reference to specific heliports, e.g. in USA [17] and in Poland -especially in Institute of Aviation, as a part of activities devoted to improvement of helicopter operation safety [13, 18, 19] . Some helpful information can be also found in the literature, which covers approach and landing of helicopters on ships' helidecks [20] [21] [22] [23] .
It must be noted that most of papers focused on the aerodynamic interference between a helicopter and an obstacle simplified the rotor wake as a steady one. On the other hand, unsteadiness of the wake in ground effect was thoroughly investigated in works covering the brownout phenomena (which means a dust floating in the air during landing of helicopter), e.g. [24] [25] [26] . However, in this case, an aerodynamic loads acting on the ground are neglectedresearchers were focused on aerodynamic phenomena, which appear in the rotor slipstream.
Ground effect during a hover above a heliport
During a flight of a helicopter above an elevated heliport, the ground effect phenomenon may appear. In this case, the rotor slipstream bounces from the heliport's surface, which causes an outwash, i.e. a horizontally directed flow outside the helicopter. In the structure of the slipstream of a helicopter rotor in the ground effect (IGE) one can distinguish four regions [26] , as it has been presented in Fig. 3:  1 . Contraction, where the slipstream velocity is directed more or less vertically -similar to the OGE (out of ground effect) case, 2. Transition, where interaction with the ground turns the flow to the horizontal direction along the ground, Fig. 3 . The slipstream of a helicopter rotor in the ground effect [26] 3. Outwash, where the flow is directed along the ground and its peak value decays with increase in radial distance, 4. Recirculation, where the flow is induced by the slipstream due to air viscosity.
The performance of helicopter in the ground effect is improved in comparison with OGE case. Such improvement usually is described as a ratio of thrust IGE to thrust OGE. This ratio may be given e.g. by Betz equation, which is one of simplest formulae describing thrust increment [27]:
where: z -height from the ground, R -rotor radius, and the thrust coefficient CT is defined with equation:
where:
T -thrust force, F -rotor disc area, ρ -air density, Vtip -speed of blade tip. The slipstream IGE described above is treated as axisymmetric, which is valid for following conditions: -a horizontal component of air velocity does not appear, -an unsteadiness of the slipstream is neglected, -the heliport may be treated as infinitely large (no heliport boundaries are included).
According to [15] , thrust increment due to ground effect is nearly the same for flight above an elevated heliport and above ground -as long as whole rotor disk is over the heliport surface (Test 1 and Test 2 in Fig. 4 ). When the helicopter hovers above an edge of the heliport, the beneficial influence of the ground effect is reduced (Test 3 in Fig. 4 ). However, the worst case occurs when the helicopter is located next to the building (Test 4 in Fig. 4 ). In this situation, one can expect even a reduction of thrust to values lower than in OGE case. This effect is caused by vortices created in the edge between the ground and the wall of building, which may encompass the rotor disc ( Fig. 5, left) . Similar effect appear during the hover above a well-shaped object (Fig. 5, right) , but in this case the vortices are roughly axisymmetric. Such structure of the flow is similar to the vortex ring state, with all the consequences [13] .
Moreover, even when the helicopter hovers over centre of a helipad, the wake is divided sideways and loses its strength. The flow has tendency for descending down if the nearest roof is lower than the helipad surface, especially when the roof is pitched [13] . It may cause additional wind loads acting on buildings nearby the heliport, which should be taken into account to avoid damage of already existing buildings -especially their cladding. The deflected slipstream may also have its impact on the wind comfort of pedestrians and damage loose objects on the sidewalks, for example a furniture.
Fig. 4. Left: thrust coefficient (referred to the OGE value) as a function of helicopter vertical location,
for different test cases (based on [15] ). Right: location of rotor disc versus simulated building in respective test cases (based on [15] ) Fig. 5 . Left: path lines and flow velocity magnitude for hover next to the wall [15] right: velocity magnitude for hover above a well-shaped terrain [13] 
Rotor slipstream in ground effect with an adverse flow
The previous chapter covered a hover case only. Meanwhile, if horizontal component of air velocity is present, due to the wind or the adverse flight, additional effects of heliport interference should be considered. One of such effects is the ground vortex, created in front of the helicopter. Along a horseshoe-shaped stagnation locus some distance upstream of the rotor, the velocity of the rotor-induced flow moving forward ahead of the helicopter is balanced by the velocity of the free stream [28] . This causes the flow to separate from the ground plane, and the wake of the rotor is observed to roll up to form a concentrated ground vortex just above this separation line [29] . As the wind speed increases, the ground vortex becomes larger and approaches towards the helicopter. For wind, speed of roughly 30 km/h the ground vortex encompasses the rotor disc in its front part, which increases required power of 10-20% more than power required for the hover [30] . Further growth of the wind speed results in a decrease in the power required as the ground vortex is swept downstream of the rotor. At high forward speed, the increased skew-angle of the rotor wake reduces the effectiveness of the ground plane in constraining the geometry of the rotor wake, and the power required by the rotor approaches that required in free air (OGE) [29] .
This description of the ground vortex phenomenon is significantly simplified, using the model of two-dimensional, steady flow. In reality, the flow around the rotor is highly unsteady, except well-defined horseshoe-shaped ground vortex. What is more, the inflow has been modelled as uniform, steady flow -which is adequate to the adverse flight. Meanwhile, in case of hover in presence of wind, the inflow is turbulent and non-uniform, as it will be discussed further.
In case of operating from elevated heliport, additional changes are caused by the flow around the building -for example, vertical walls of building below the heliport may deflect the wind upwards, which increases a risk of the Vortex Ring State appearance. Secondly, a sharp edge of the building may cause the flow separation above the roof, i.e. in proximity of the TLOF area ( Fig. 6) . Moreover, the heliport may be located in aerodynamic wake of surrounding buildings, which results with decrease of wind speed and increase its turbulence. As a result, on approach and departure areas, near the helipad, the structures of flow could appear, which are invisible for pilot, but dangerous for a helicopter [19] . [19] . Right: flow separation zone in area of heliport obtained by smoke flow visualization on a wind tunnel model [31] 5. An unsteadiness of the rotor slipstream
The phenomena described above assumed that the rotor slipstream is steady, which is a common simplification. In fact, rotor flow is inherently unsteady because of the presence of a finite number of blades. Lifting blades are producing the tip vortices, root vortices, vortex sheets, and oscillations in the inflow (from blade passage). The interaction among these features, as the flow develops, makes the flow field fundamentally unsteady [26] . Moreover, the flow becomes aperiodic because of the self-and mutually induced effects of the strong blade tip vortices [32] .
The unsteadiness of slipstream itself becomes even more significant in proximity of ground. In this case, the tip vortices, which flow helically from blade tips, tend to join and grow in the outwash area due to friction. It has been briefly illustrated in Fig. 3 . In the boundary layer of the ground, in the outwash zone, a flow separation bubble may also appear. Separation bubbles are created when the static pressure reaches a minimum directly underneath the vortex flow, and then the developing boundary layer faces a steep adverse pressure gradient downstream of the vortex as a consequence of the slower moving fluid and higher pressures there. This pressure gradient can become strong enough to produce localized flow separation and the formation of a separation bubble [25] .
It must be underlined that the unsteadiness of slipstream may bring significant problems during operation from elevated heliports, as the oscillating slipstream acts on the heliport plate and causes vibration of building's structure [33] . The unsteadiness of slipstream should be treated, during design of the heliport, as more important than the steady influence of the helicopter on the building, including its weight and time-averaged slipstream [12] . Such vibrations result with increased wear of upper part of the building or devices mounted on its roof. In some cases, the risk of failure of elevator drives is 45% higher than in a building without heliport [33] . Helicopters create vibration at the landing pad in three ways: (1) turbulence from the rotors, (2) motion from the engine and rotors and (3) impact from the landing itself [31] . The most important reason is the first one, related mostly with helical tip vortices created on the tips of blades. The frequency of these vibrations equals a multiplication of rotor rotation frequency and number of blades [31] thus for commonly used (e.g. in Polish medical service) Eurocopter EC-135 helicopter, frequency of such vibrations will be about 25 Hz. This frequency is in range of frequencies, which should be analysed due to its impact on people and buildings (up to 80 Hz [34] ).
Conclusion
Elevated heliports play an important role in helicopter operation, especially in life saving, as they significantly shorten the time of patient's transport from the medical helicopter to the hospital and do not need any free space next to the building. Nevertheless, designers and operators of elevated heliports must be warned about some adverse aerodynamic phenomena, which may appear during approach, take-off or landing of helicopter. One of such phenomena is a steep change of thrust when the helicopter flies above the edge of building on the low altitude; this change is related with sudden change of height above the ground, which affects the ground effect or with air recirculation enforced by the ground and by walls of a building. Secondly, flying in the wake of high building surrounding the heliport is inherently connected with sudden change of wind velocity and air turbulence, which obviously exacerbate the flight safety. Increased turbulence above the heliport may be also caused by the flow separation on the building's edge.
The abovementioned phenomena have their impact on the helicopter and those are caused by its ambience. However, the helicopter also causes some aerodynamic phenomena, which impacts on the heliport or its surrounds. One of such examples, which seem to be underrated, is an unsteadiness of the rotor slipstream, which results with oscillation of static pressure acting on the heliport. Such oscillation, with its frequency of about 25 Hz, may cause vibration of the whole building. This vibration, in turn, may limit a usage of medical equipment, which has strict vibration requirements -the acceptable vibration acceleration is 32 times lower, than in case of offices or apartments. An intensive usage of heliport may also result with increased fatigue of devices located on the building's roof, like lift machinery; the risk of its failure is even 45% higher.
